Electrowetting based infrared lens using ionic liquids We demonstrated an infrared variable focus ionic liquids lens using electrowetting, which could overcome the problems caused by use of water, e.g., evaporation and poor thermostability, while keeping good optical transparency in visible light and near-infrared region. Besides, the type of lens (convex or concave) could be tuned by applied voltage or refractive index of ILs used, and the transmittance was measured to exceed 90% over the spectrum of visible light and near-infrared. We believe this infrared variable focus ionic liquids lens has a great application prospect in both visible light and infrared image systems. V C 2011 American Institute of Physics.
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Electrowetting-based variable-focus liquid lens (EVFLL), on account of miniaturization, celerity, low power consumption, and durability, has attracted considerable attention for various optical systems.
1,2 However, the most frequently used conductive liquid in EVFLL is limited to water, which inevitably caused problems such as evaporation, tedious addition of inorganic salts to enhance its electrical conductivity, unsuitability in extreme conditions such as high/low temperature, and poor transmittance in near-infrared even in most region of infrared. Therefore, development of robust media for EVFLL is highly desirable.
Recently, room temperature ionic liquids (RTILs or ILs) have emerged as a class of versatile solvent and soft material due to its negligible vapor pressure, liquid in wide temperature range, intrinsic ionic conductivity, acceptable electrochemistry stability, good optical transparency, etc.
3,4 These unique physicochemical properties render them potential candidates for electrowetting as well as EVFLL. [5] [6] [7] [8] Herein, we report the ILs-based EVFLL, which can overcome all the mentioned problems above while keeping good optical transparency in visible light and near-infrared region. As shown in Fig. 1 , a custom-built ILs-based EVFLL was proposed according to the typical fabrication reported by Kuiper et al.
9
The lens can be driven by a direct as well as an alternating voltage. In this paper, 1 kHz AC voltage instead of DC signal was applied since high frequency AC electric field facilitate stable and high efficiency electrowetting of ILs, as reported by us and others. [10] [11] [12] When applying voltage across the insulator, the electric field changes the wettability of ILs and lowers the interfacial tension between ILs and the insulator effectively, [13] [14] [15] which leads to the curvature of the meniscus changed from convex to flat and then to concave ] based on the principle of electrowetting; thus, variable focus was achieved. We use a direct voltage of typically 85 V to cover the full range required for commonly use. This only requires energy of 0.1 mJ to charge the equivalent capacitor formed by the steel wall electrode and the ILs. 16 A decrease in Parylene thickness and interfacial surface tension (e.g., by adding surfactants) could lower the voltage.
First, the relations between focal length and voltage with different ILs were tested [ Fig. 2 ]. The application of an AC electric field as a function of the type of cation and anion exhibits a remarkable change in focusing behavior of ILsbased EVFLL. As for [EMIm] þ -based EVFLL, significant difference in optical property (f 0 , f, and focusing curves) occurs upon changing the anions. ]. Consequently, the type of lens (convex or concave) is determined by the refractive index difference value (Dn ¼ n ILs À n dodecane ). If Dn is less than zero (n ILs < n dodecane ), the lens exhibits a concave lens; on the contrary, if Dn is greater than zero (n ILs > n dodecane ) the lens presents a convex lens.
For a given ILs-based EVFLL, where refractive index of dodecane (n Dod ), radius of the cylinder (r), dielectric constant (e r ), and thickness (t) of insulating layers remain constant, considering initial contact angle (h 0 ) is a function of interface tension between ILs and dodecane (r ILs-Dod ), and r ILs-Dod is directly proportional to surface tension of ILs (r ILs ); the focal length (f) depends only on applied voltage (V), surface tension (r ILs ), and refractive index (n ILs ) of ILs as in the following equation 16 :
According to Eq. ]. As is wellknown the contact angle is determined by the balance of interfacial tensions and does not depend on the volume unless the volume is a few orders of magnitude smaller than discussed here, when line tension effects begin to play a role. Consequently, the curvature of the meniscus kept constant with drop volume varying, and thus the focal length.
Considering the lens diameter (r) is one of the parameters of the system as described in Eq. (1), the effect of the lens diameter on the focal length was investigated. Three lenses tube were prepared with diameter 3, 4, and 5 mm. ]. It could be concluded that thinner thickness of insulating layer guarantees lower focusing voltage to obtain the same focal length. Considering reducing energy consumption, thinner insulating layer should be chosen preferentially in practical application. However, according to our experiment, the very thin (<1 lm) insulating layer turns unreliable and could be easily broken down; besides, the adhesion becomes poor. Consequently, 5 lm might be a nice choice, in consideration of both efficiency and reliability. Another important aspect of ILs-based EVFLL is good transmittance in near-infrared (800-1100 nm). The transmittance of ILs and H 2 O at normal incidence was characterized by Agilent 8453 UV-visible diode array spectrometer (Agilent, USA), as shown in Fig. S9(a) in supplemental material. 17 H 2 O showed an obviously absorption peak at $980 nm, which would greatly weaken the light intensity and limit the imaging performance of H 2 O-based EVFLL in near-infrared area. However, ILs shows a good transmittance in the spectrum of both visible light and near-infrared. The transmittance of ILs was measured to exceed 90% between 400 and 1100 nm, and it could be further improved by using antireflection coatings on the glass. In addition, the transmittance of both ILs and H 2 O-based EVFLL at 980 nm were tested too. The experimental results were shown in Fig.  S9 (b) in supplemental material. 17 It could be easily obtained that the transmittance of ILs-based EVFLL was measured to exceed 90% and independent of ILs volume. However, the transmittance of ILs-based EVFLL was demonstrated to be connected with volume of H 2 O. That is because the transmittance of ILs and dodecane was greater than 90%, but that of H 2 O is less than 65%. Thus, larger volume of H 2 O guarantees less transmittance of H 2 O-based EVFLL; the transmittance of ILs-based EVFLL keeps almost unchanged. Consequently, the ILs-based EVFLL could have a big potential in near-infrared image system since most ILs are optical transparent in this region.
The measured characteristics of [EMIm] [HSO 4 ]-based EVFLL are listed in Table II . The maximum power consumption was measured to be 5.8 mW. The Actuation time (i.e., the time for the interface curve to reach its final shape after the voltage is applied) was less than 400 ms. The Relaxation time (i.e., the time for the interface curve to reach its initial shape after the voltage is removed) depends on the deformation ratio. Higher applied voltage guarantees larger deformation ratio, thus longer relaxation time. The maximum deformation recovery was achieved in about 1.5 s.
In the top of Fig. 3 , three infrared images are presented. The gloomy one [ Fig. 3(a) Fig. 3(d) ]. It was 231 lines/mm, which might be further improved by using antireflection coatings on the glass.
To conclude, an ILs-based EVFLL was introduced in this letter. The ILs-based EVFLL could continuously vary its focal length with voltage applied and demonstrated perfect transmittance over the spectrum of both visible light and near-infrared compared to H 2 O-based EVFLL. Besides, the type of lens (convex or concave) could be tuned by applied voltage or refractive index of ILs used. We believe that the ILs-based EVFLL can be applied in both visible light and infrared image systems. 
